A significant body of literature has been dedicated to research studies on construction labor productivity (CLP) and related issues, and a plethora of underlying theories and industrial practices on CLP application has been reported. However, research topics under CLP are highly diversified, and there is a lack of systematic analysis in CLP-related issues. Through a systematic review of selected papers from the well-known academic journals in construction management, major research areas such as factors affecting CLP, CLP modeling and evaluation, method and technology for CLP improvement, CLP trends and comparisons, effect of change/variation on CLP, and baseline/ benchmarking CLP are identified. Critical reviews on these areas are presented by focusing on industry, project and activity levels to investigate the state of the art and trends of CLP research. Gaps in research and practices are discussed and future research directions are
Introduction
Due to its critical importance to the profitability of most construction projects, productivity is one of the most frequently discussed topics in the construction industry. It is also one of the most frequently used performance indicators to assess the success of a construction project as it is the most crucial and flexible resource used in such (Construction Industry Institute 2006) . Academic research papers published in relation to construction labor productivity (CLP) are important to both researchers and industry practitioners. However, research topics under CLP are highly diversified, and there is a lack of systematic analysis in CLP-related issues. Integration and classification of the reported literature within the CLP domain may pave the way for future researchers to gain a clear understanding of the topic and to conduct related research more intensively and efficiently. It is therefore considered important to summarize the developments of CLP research through a systematic review, and to suggest new directions for further studies.
This research presents a systematic review on labor productivity in the construction industry. The aims of this review are to investigate the state of the art and trends in CLP research, and to identify key research areas. It will help industrialists to develop a body of knowledge about CLP and to derive an approach to enhance CLP. Scholars are also provided with research references to M a n u s c r i p t
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One challenge in measuring productivity at project level is that the unit of measurement depends on the construction activity. A concrete placement activity may be measured in cubic meters of concrete placed per hour, whereas a structural steel placement activity may be measured in linear meter of steel placed per hour. Differences exist between production rate levels among job types.
The average production rate for pouring columns is less than that for pouring walls because of job characteristics. The American Association of Cost Engineers defines productivity as a "relative measure of labor efficiency, either good or bad, when compared to an established base or norm."
Whereas this relative nature of productivity creates great difficulties in tracing it as an absolute value over time, it is possible to gather information on movements of the established base, or benchmark, values (Allmon et al. 2000) . Thus, project managers and construction professionals define labor productivity as a ratio of actual over expected productivity, expressed mathematically as Eq. (2).
Performance ratio (PR) = Actual productivity / Expected productivity
where i = workday being considered; and m = activity in project. An expected productivity was calculated by determining the work hours and quantities installed on days when there were no changes or rework, disruptions, or bad weather reported. Performance ratio is a unitless measure M a n u s c r i p t
N o t C o p y e d i t e d
6 more work hours were required that day than on the average baseline day; that is, the productivity was worse than the baseline productivity. The advantage of this approach is that progress is based on the work installed, not the work hours consumed, and progress and performance can be determined regardless of the type of work performed.
Economists and accountants define labor productivity as the ratio between total resource input and total product output (Hanna et al. 2005) . The Bureau of Labor Statistics in the United States (2006) defined labor productivity as real output per hour worked. The term 'hours' refers to hours actually worked. This measure excludes vacation, holidays, and sick leave, but includes paid and unpaid overtime. CLP is adopted as an economics idea at the industry level and calculated as Eq.
(3). Gross product originating by industry (GPO) is expressed in chained dollars to eliminate the effect of inflation when comparing data from different time periods.
CLP = GPO ∑ E H (3)
where GPO = gross product originating by the construction industry in chained dollars; Ei = average number of employees in month i; and Hi = average number of hours worked in month i.
There are three approaches for productivity measurement, namely, macroeconomic, case and pricing studies (Edkins and Winch 1999). The major differences between these approaches are:
the source of data, their level of aggregation, the boundary/definition of the production process M a n u s c r i p t
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7 of input and output, CLP can be measured in numerous ways (Thomas and Mathews 1986 
Research Methodology
After reviewing the definitions of CLP, the authors adopted the review methods employed by In stage 1, a comprehensive desktop search was conducted under the "title/abstract/keyword" field of Scopus. Search keywords included labo(u)r productivity, labo(u)r performance, labo(u)r efficiency, labo(u)r production rate, labo(u)r productivity rate, labo(u)r time utilization, crew where n = number of authors of the paper and i = order of the specific author. The formula determines the author's contribution by assuming that the first author has made more contribution than the second author, the second more than the third, and so on. Given that each paper has a score of one point, a detailed score matrix for authors is given in Table 1 for reference.
Accumulated score for each country (region), along with the researchers, was calculated and compared by years and journals.
Overview of Construction Labor Productivity Publications
Tables 2-4 illustrate the trends of published journal papers related to CLP by year, country and researchers. Research on CLP topics significantly emerged within the period between 1998 and 2011. Special attention should be given to the fact that those journals published 11 CLP papers in 2005 and 2011, reaching the peak within the studied period. Within the studied period, the journals JCEM and CME published the most CLP papers at 63 and 23, respectively. The number of CLP papers published in JCEM was considerably greater than any of other selected journals, resulting in the most number of contributions of this specific journal to CLP studies. Submitted October 20, 2012; accepted February 27, 2013; posted ahead of print March 1, 2013 . doi:10.1061 /(ASCE)ME.1943 Copyright 2013 by the American Society of Civil Engineers M a n u s c r i p t
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The number of academic research publications in a country may imply the extent to which industrial innovation and practices in the research areas progresses in that particular location (Hong et al. 2012) . As previously mentioned, by applying the score matrix as delineated in Table 1 , the score of a specific writer in a multi-authored paper can be calculated. An example is if one author from an origin published two papers, one with first authorship and another with second authorship, while both papers contain another and only one author from a different origin. The former origin may obtain a score of 1 (0.6 + 0.4). The country of origin and contribution of writers of the CLP research are provided in the following paragraphs.
After detailed calculation, the countries of origin of CLP publications as shown in Table 3 were listed along with the number of institute/university, researchers, papers involved, and score for each country. Among these, US researchers were involved in 83 papers and scored top with 85.87. This is understandable because CLP is a long-standing issue and a hot spot in the US. It is also worth noting that the countries of origin of most published papers in Table 3 are the United Kingdom and Canada. The total number of CLP papers published with first authorship in the three countries comprised 81.5 % (110 in 135) of the total CLP papers in the target journals. The contribution of the three countries to CLP research was considerably higher than that of other countries or regions. Such facts may be perceived as logical and understandable when examining the attention degree of labor productivity to construction projects within the three countries.
Industrial practices with great emphasis on CLP greatly boosted the development of CLP research in those areas. Submitted October 20, 2012; accepted February 27, 2013; posted ahead of print March 1, 2013 . doi:10.1061 /(ASCE)ME.1943 Copyright 2013 by the American Society of Civil Engineers M a n u s c r i p t
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12 Recent statistics show that there has been an increase of writers from different countries researching into the topic of CLP, as presented in Table 3 . Similarly, more evidence to support this assertion can be seen in Tables 4. The analysis shows that 12 researchers contributed in at least four papers and 11 research centers were involved in at least four papers. Among them, A.S.
Hanna from University of Wisconsin-Madison contributed 18 papers and H.R. Thomas from Pennsylvania State University has published 16 papers. Due to the efforts of these two researchers, their respective research centers also obtained high scores.
Six major areas on CLP research interests have been identified through a detailed review and analysis on the selected 113 papers, including the following: (1) factors affecting CLP; (2) CLP modeling and evaluation; (3) method and technology for CLP improvement; (4) CLP trends and comparisons; (5) effect of change/variation on CLP; and (6) baseline/ benchmarking CLP. Table 5 indicates the distribution of the reviewed papers fell within the six broad areas. By nature, CLP is a subject comprises different levels of analysis. The analysis of CLP at each level also incorporates different sets of theories. In addition, the different levels of analysis provide a clear taxonomy for reviewing CLP research. Figure 2 is a framework for analyzing CLP research. Three levels of analysis can be observed, namely, industry, project and activity level.
The analysis relates itself to the management and economics sciences. The following sections will review CLP research from three perspectives: the construction industry level, the construction project level, and the construction activity level. Within each perspective there will be a summary of (1) major areas; (2) gaps in current body of knowledge /research; and (3) 1985; Tucker 1986; Christian and Hachey 1995) . A microeconomic study, however, suggest that CLP may have actually increased for the same period (Allmon et al. 2000) . This clearly contradicts the conclusions reached by macroeconomic data and calls for a close examination of the assumptions used in these studies. In a study conducted to determine the validity and reliability Extensive studies have been conducted to examine the factor affecting CLP in many countries (Rojas and Aramvareekul 2003; Kazaz and Ulubeyli 2007; Rivas et al. 2011) . Common research approaches adopted by researchers to identify factors that impact CLP were composed of three steps: (1) a literature review was first conducted to determine factors that need to be considered; (2) a questionnaire was then prepared and used to survey skilled workers (e.g., foremen, craftsmen, and helpers) and mid-level employees (e.g., administrative, warehouse, quality control, and field supervisors) to facilitate identification of further factors; and (3) focus group meetings and personal interviews with industry experts, project managers, and estimators were conducted to verify the findings.
Research on the factors affecting CLP became increasingly precise and in-depth. An extensive amount of research (Hanna et al. 1999a&b 
Challenges faced by the CLP research at industry level
Measuring the CLP of the construction industry remains a challenge. It has been admitted that the measurement of industrial productivity is problematic and the measurement of CLP is particularly difficult. The limitations of measuring CLP also include lack of availability and reliability of data, failure to measure more important things (e.g. the effectiveness of project management, the quality level achieved, and the innovations); the difficulty of CLP comparisons between countries, etc.
Advances in technology can also create difficulties in separating the contributions of technology, management, and labor to CLP (Flanagan et al. 2007 ). Moreover, even though it is frequently used, the term "the construction industry" is very complex, and there is no agreed definition (Flanagan et al. 2007 ). Some assume it to be an aggregated term for a number of subcategories while others take it as a substantial entity. Some take an international perspective while others focus on a regional market by arguing that the majority of firms in this industry are SMEs. Some stress that major players are contractors while others are interested in players such as craft workers and innovations. In many regions of country, labor costs for many skills are relatively low. There is less motivation to automate a task when the labor associated with it is not expensive (Allmon et al. 2000 ).
An investigation of how an industry can foster its CLP remains to be of central interest. Many organizations and various institutions work hard to improve CLP at an industry perspective. These efforts may include improving methods, training programs and strategic management, applying integration and automation, enhancing worker motivation, and so forth. In short, there is a pressing need to explore the mechanisms for the construction industry to foster CLP for financial success. There are some essential research questions awaiting further investigation:
(1) What is CLP at the construction level? Is it meaningful to use a composite index to indicate the CLP of a given construction industry?
(2) How to enhance the usage of IT tools and system on construction projects? 
Baseline / Benchmarking CLP
The concept of baseline/benchmarking has received widespread application in the construction industry as a technique for identifying ways to improve organizational and project performance (Jackson et al. 1994; Love and Smith 2005; Liao et al. 2011) . Baseline CLP is an important concept and has been critically applied in the construction industry. Some researchers have defined baseline CLP as the best performance a contractor could achieve on a particular project (Thomas et al. 1999; Thomas and Zavrski 1999; Thomas and Sanvido 2000) ; though others regard baseline CLP as a standard reflecting a contractor's normal operating performance (Gulezian and Several important benchmarking indicators have been used for construction projects (Yeung et al. 2013 ). Benchmarks such as disruption index, performance ratio and project management index were found to have correctly identified the best and worst performing projects (Abdel-Razek et al. 2007 ). Other indicators such as manpower loading charts and the related S-curves can be used to provide early warning signs for contractors and owners that the projects deviates from the planned benchmark (Hanna et al. 2002a) . few large construction companies periodically conduct work-based studies on their projects, the data from these assessments are generally not available to the public (CII, 2010) . It is unlikely that subsequent work-sampling studies will show the effects of any corrective action (Thomas 1991) .
Challenges faced by the CLP research at project level
In addition, studies of factors that affect craft time utilization have been scarcely reported in the literature.
Although rigorous analysis such as artificial intelligence based modeling was adopted to improve the accuracy of the change/variation on CLP, these studies did not consider learning-curve effects that would lead to an overstatement of productivity losses. Continuous repetition of a task may improve productivity as the crew becomes more familiar with the task. Repetition may also lead to better management of equipment, crew, and material, resulting in productivity improvements (Thomas et al. 1986 ). Continued research on the relationship between change and CLP included the effect of repetition is recommended for future research to generalize findings.
Compared to various methods for baseline CLP, not much attention has been given to CLP metrics.
Researchers have stressed the importance of standardized productivity data (Thomas and Yiakoumis 1987) and Construction Industry Institute (CII) has long proposed the need for such metrics. More research on establishing a reasonable CLP data collection tool for CLP benchmarking and improvement is needed. The following research issues are likely to be addressed in the future:
(1) How to improve the work sampling technique approach?
(2) How to assess the long-term trend of CLP after taking the learning-curve effect into account? scheduling, and planning decisions (Sonmez and Rowings 1998) . CLP Models used by researchers are more detailed than those used by construction managers because the models must yield information about what causes CLP to change so that guidelines can be developed to optimize the CLP. Several attempts have been made to measure the effects of those important factors using a variety of methodologies (Thomas and Yiakoumis 1987; Thomas et al. 1990 ; Thomas and Sakarcan 1994; Sonmez and Rowings 1998; Tam et al. 2002) . A number of modeling techniques have been introduced to study the relationship between influencing factors and labor productivity for estimating purposes. These modeling techniques include regression analysis, statistical model, expert system, and artificial intelligence.
In previous research a number of models have been developed by regression analysis for qualitative evaluation of the impact of different factors on CLP (Srinavin and Mohamed 2003) . A majority of these studies have addressed the effect of a single factor such as thermal environment (Koehn and Brown 1985; Thomas and Yiakoumis 1987) , while a few studies limited to masonry construction have considered the effect of multiple factors (Thomas et al. 1990; Sanders and Thomas 1993; Thomas and Sakarcan 1994) . Despite these numerous research efforts, some of the difficulties encountered by existing models include: (1) the inability to allow the subjective evaluation of these factors; and (2) the reliance and need for significant-sized data sets for model development and testing. Statistical model attempts to address some of these difficulties (Fayek and Oduba 2005) . Key CLP factors influencing CLP were obtained through a series of statistical analyses based on the contracting companies' approach (Herbsman and Ellis 1990; Halligan et al. 1994) . Expert systems are another technique used to estimate labor productivity in different Journal of Management in Engineering. Submitted October 20, 2012; accepted February 27, 2013; posted ahead of print March 1, 2013 . doi:10.1061 /(ASCE)ME.1943 Copyright 2013 by the American Society of Civil Engineers M a n u s c r i p t
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24 construction activities. Compared with the statistical model, it is superior to the flexibility in adapting models to suit different project contexts. Christian and Hachey (1995) developed an expert system to estimate the production rates for concrete pouring. Fayek and Oduba (2005) applied fuzzy expert systems to predict labor productivity of pipe rigging and welding. Expert systems in general have very limited capabilities in terms of identifying a mapping function and generalizing solutions (Zahedi 1991) .
Regression and statistical analysis are generally limited by the number of influencing factors that can be included and their capability of measuring the combined effect of the influencing factors.
In expert systems, rules obtained from domain experts are affected by personal prejudices and attitudes due to the complex nature of productivity estimation. Artificial neural networks are identified as a strong prediction modeling technique that has dynamic learning mechanism with effective recognition capabilities to predict production rates under any specific condition.
There are many applications of artificial intelligence in the field of construction management for predicting labor productivity. CLP of excavation, concrete formwork task, and welding and pipe installation activities were estimated using neural networks by Chao and Skibniewski (1994) , especially when interactions and nonlinear relations were present (Sonmez and Rowings 1998; Tam et al. 2002) .
Challenges faced by the CLP research at activity level
It presents a challenge to determine CLP modeling technique. In statistics, regression analysis is the most common method to explore this relationship. The advantage of regression models lies in their generally more parsimonious use of free parameters than the neural networks. Regression models require the user to decide a priori on the class of relationships (linear, quadratic, etc.) to be used in modeling. In the common use of neural network models, on the other hand, apart from the choice of a neural network architecture (which constrains the class of the models or the functions that can be learned), the user does not need to exert much effort to decide about the class of relationships. However, it must be pointed out that many of the neural network approaches to model fitting are closely related to their statistical counterparts (Sonmez and Rowings 1998) .
There has been no shortage of research on mathematical models reflecting the relationship However, how to schedule work-rest pattern to balance demands with safety concerns and the physical workload of the personnel in hot weather remains to be a question yet to be answered.
The following research questions are proposed based on the discussion:
(1) What is the CLP modeling technique for future?
(2) How to balance demands with safety concerns and the physical workload of the personnel in extreme weather condition?
Conclusions
Construction labor productivity (CLP) has received considerable attention and discussion within the industry in the past three decades. The study has also provided a critical review of the development of CLP in the academic field and has hence established a solid platform for scholars and researchers to obtain more useful insights into CLP issues. Identification of research trend in CLP may enable industrial practitioners to appreciate the key issues in CLP development and hence be better able to manage construction projects. It was also found that more rigorous Although much effort has been made to review the major development in CLP research, it is acknowledged that this review is not exhaustive and is only limited to the construction industry.
Future research effort should be directed to explore labor productivity in other industries.
Research into CLP has been conducted from different perspectives such as industry level, project level or activity level. However, a mechanism that enables mutual enhancement of CLP at these different levels does not seem to be well discussed. Therefore, more research efforts should be made in this direction. The overall improvement of CLP cannot be achieved without the integrated and concerted efforts of all stakeholders at the industry-, firm-, and project team-levels.
Enduring effort in general management/economics science has generated rich technique or tools that have also been utilized in the construction industry. Impressively, they include baseline/ benchmarking CLP in the industry, helping project performance improvement. 
